SODIUM-DEPENDENT CA LCIUM EXTR USIO1N IN CONES
protein subunit as well as a cyclic GMP phosphodiesterase that are specific to cones (Lerea, Somers, Hurley, Klock & Milam, 1986; Gillespie & Beavo, 1988) ; these constituents are likely to be the intermediates mediating cone transduction.
In this paper we present evidence for another parallel between rod and cone transduction, namely, the existence of a feed-back regulation on light sensitivity via Ca21 fluxes. We shall first demonstrate the existence of a Na'-Ca21 exchange mechanism in cones as well as describing some of its characteristics. Next we shall show that the absolute sensitivity of a cone cell to light increases when this Na+-dependent Ca2' efflux is stopped, consistent with the notion that normally a lightinduced decline in internal free Ca21 concentration caused by the exchanger contributes to a reduction in light sensitivity. The importance of this sensitivity regulation in the phenomenon of light adaptation in cones is dealt with elsewhere (Nakatani & Yau, 1988c ). Here we report the observation that even though the decline of internal free Ca2' appears to be considerably faster in cones than in rods, this does not seem to be a determining factor in the large difference between their absolute sensitivities to light. We think the apparently faster Ca2' decline in cones may simply serve to match the faster transduction kinetics in these cells.
A preliminary report of some of these results has been published (Yau & Nakatani, 1988) .
METHODS

Recordings and optics
The experiments described in this paper were very similar in protocol to those on rods alrea(ly published (Yau & Nakatani, 1985a; Nakatani & Yau, 1988a) . The technique consisted of recording membrane current from a photoreceptor's inner segment with a glass suction pipette while subjecting its outer segment to bath perfusion (see Yau, Lamb & Baylor, 1977;  B3aylor, Lamb & Yau, 1979a; McNaughton  Yau, McNaughton & Hodgkin, 1981;  Hodgkin, McNaughton, Nunn & Yau, 1984) . In all the figures the membrane current has been plotted with respect to the outer segment; so, for example, a positive current corresponds to an outward membrane current at the outer segment. All records were stored on tape during experiments and subsequently digitized on a computer and plotted. Low-pass filtering was set at 20-70 Hz.
The optical bench design was similar to that described in 13aylor et al. (1 979a) ani (l Lamib et (fi. (1981) . Diffuse, unpolarized light, either white or at 620 nm (near the peak absorption wavelength for the 'red' cones studied here. see Harosi. 1975 ). *was use(d in all exp)eriments onl cones. For the rod experiments, illumination was at 520inm (peak absorption wavelength for the red rod(k studied here, see Harosi. 1975) . The light was incident a )proximately perlen(licular to the longitudinal axis of the recorded cell. Illumination consisted of either brief flashes (8 ms durationi) or steps of light. For sensitivity calculations (see Table 1 ) we obtained the number of photoisomerized cone or rod pigment molecules from light calibrations anid an in(livi(lual cell's effective collecting area (derived from video images. For both kin(ds of receptors an optical density of 0012 tm-' at the optimal wavelength ani(1 a qjuantum efficiency of' 0,5 were assumiie(l in calculating a cell's effective collecting area (see Harosi. 1975 : lBaylor, Lamb & Y'au. 1979b ). There was some light scattering due to the geometry of the )erfusion chamber use(d in the experiments: because of this light scattering, the absolute light senisitivities of the cells could be tunderestiniated by 20-50(%.
Preparation
Single, isolated cones from the dark-adapted retina of the larval tiger salamander, Ambystomra tigrinum, were used. The procedure for isolating the cells has been described elsewhere (Hodgkin et al. 1984; Nakatani & Yau, 1988a) . To facilitate recording, only larger cells were selected for experiments. They were all of the 'red' variety, as indicated by an optimal excitation wavelength of around 620 nm. In recording, the cell's position in the suction pipette was adjusted so that the cilium between the outer segment and the inner segment was situated at 8-12 ,tm behind the tip K. NAKA TAiVI AND K.-W. YA U of the pipette, or near the point of narrowest conistriction at the tip lumeni. With the electro(le resistance typically around 1-2 MQ) when empty and 5-10 MQ with a cone in place, the fraction of membrane current recorded should be over 80% (assuming that the resistance of the empty electrode was equally distributed between its very tip and the shank). No corrections have been made for this slightly imperfect current collection. However, the time characteristics of the currents should not be affected. Also, since there was a similar fractional collection of current in the rod experiments, the comparison of current measurements in the rod and cone experiments (see Results) seems justified. The rod experiments described here were also done on cells from the tiger salamander retina, and of the 'red' variety (optimal excitation wavelength at around 520 nm).
The initial enucleation from the pithed animal was done under deep red light. All other procedures were carried out in infra-red light with the help of an infra-red viewing scope or TV system. The experiments were done at room temperature (19-24°C).
Perfusion and solutions
The perfusion system and the recording chamber were as described in previous work (see, for example, Nakatani & Yau, 1988 a) . As before, the tip of the suction pipette was bent at right angles to the main shank so that during the experiment the long axis of the recorded cell was oriented parallel to the solution flow. Such an orientation prevented bending and damage of the cell's outer segment.
Normal Ringer solution contained (in mM): NaCl, 110; KCl, 2-5; MgCl2, 1-6; CaCl2, 1 0; TMA (tetramethylammonium)-HEPES, 50; dextrose, 50. Solution pH was 7-6. Lithium and guanidinium Ringer solutions were prepared with equimolar replacement of Na+ by the respective cations. The 'loading solutions' containing choline plus 1 mM-Ca2+, Ba2+ or Sr2+ had no added K+ and Mg2+. The 110 mM-Na+-1 /tM-Ca2+ 'priming' solution in Fig. 4 contained (in mM): NaCl, 110; KCl, 2-5; MgCl2, 1-5; CaCl2, 0093; Mg-EDTA, 2-0; TMA-HEPES, 5 0; dextrose, 5 0; pH 7-6 (Hodgkin et al. 1984) . The isotonic Ca2+ solution contained (in mM): CaCl2, 77-6; TMA-HEPES, 5-0; dextrose, 50; pH 7-6. Some solutions also contained IBMX (3-isobutyl-1-methyxanthine), with concentrations as indicated.
All records shown in the figures already had the junction currents resulting from solution changes removed by subtraction (see Nakatani & Yau, 1988 a; also Hodgkin et al. 1984) . The ramps in the solution trace of each figure indicate the approximate time courses of solution change. These were derived from the junction currents, and corresponded to the time durations required for about 90 % completion of a junction current upon solution change. The junction current measured during a switch between isotonic Ca2+ solution and a Na+ solution had a complicated time course, however, making it difficult to assess the time course of solution change; in thiscase we derived the time course from a simpler junctioncurrent measured immediately before or after the former, such as from a switch between guanidinium Ringer solution and normal Ringer solution, which gave a monophasic change in the recording baseline. Also, the activation of the exchange current upon switching from the isotonic Ca2+ solution to a Na+ solution seemed to be much slower than the solution change (see Figs 3 and 4) . This phenomenon was observed in previous work as well (see Yau & Nakatani, 1984b ), but we have no explanation for it at present.
RESULTS
Sodium-dependent calcium efflux
A strategy to identify any Na+-dependent Ca2`efflux at the cone outer segment is to trap any dark Ca2+ influx in the outer segment and to see whether external Na+ can promote extrusion of this trapped Ca2+ afterwards. Since the Na+-Ca2+ exchange is electrogenic in rods (Yau & Nakatani, 1984b) , the same is expected in cones and the exchange activity can therefore be measured as an electrical current.
The experiments in Figs 1 and 2 indicate that the light-sensitive conductance in cones is indeed permeable to Ca2+ in darkness and there is at the same time a Na+-Ca2+ exchange to extrude intracellular Ca2+. In Fig. 1 (Yau & Nakatani, 1984b) . It is therefore reasonable to think that there is an electrogenic Na+-Ca2+ exchange present in the surface membrane of the cone outer segment. Previously, have also identified a component of outer segment current in the saturating light response of cone cells which they tentatively attributed to Na+-Ca2+ exchange activity.
Since the surface membrane area of the outer segment is many times larger in a cone than in a rod (the factor is about 10 in the salamander, see Discussion), one might have expected a correspondingly larger number of exchange sites on the cone membrane, to be reflected by a larger saturated exchange current measured in these cells. This, however, does not appear to be the case. In the experiment of Fig. 1 , for example, the peak exchange current was about 17 pA, which appeared to be already near saturation as judged from the reasonably flat plateau at the peak (see also case was about 15 pA. A total of eleven experiments on rods gave saturated currenits of 13-28 pA, with a mean of 16-3 pA (±4-0 pA, S.D.), broadly similar to previous measurements on the same cells . Thus the exchange currents in rods and cones are very similar in their saturated amplitudes. To be certain that the peak exchange current observed in the cone experiment described above indeed approached the saturated value, we have employed a different loading protocol to produce a much larger Caa2+ load in a cone outer segment. This protocol, previously used in rods, utilized an external solution containing 110 mM-Na+ and low Ca2+ to 'prime' or increase the light-senisitive conductance to a high level before admitting Caa2+ to effect the loading (see, for example, Hodgkin et al. 1984; Yau & Nakatani, 1984b) . The mechanism underlying this priming procedure probably involves a lowering of the free Ca2+ concentration in the outer segment (see, for example, ) and a consequent rise in the cyclic GMP concentration. One such experiment is shown in Fig. 4 . In this experiment the solution bathing the cone outer segment was switched initially from normal Ringer solution to a 110 mM-Na+-l tM-Ca2+ solution for several seconds, as K. iNAKA TA VI AND K. -W. YA U a result of which the dark current increased to a plateau value of about 280 pA. The bath solution was then switched to an isotonic Ca21 solution (77-6 mM-CaCl2), and this produced a large, transient Ca2+ current reaching about 600 pA at its peak (not shown). External Na+ was then restored in the light, producing an exchange current with a long saturated phase before declining rapidly to zero. The saturated current in this experiment was about 30 pA in amplitude (see inset), significantly larger 1 10 mM-Na+, 77 In this case, the light-sensitive conductance was initially 'primed' with a Na+ solution containing low Ca2+ before an isotonic Ca2+ solution was admitted to effect Ca2+ loading. This procedure permitted a much larger Ca2+ load than that shown in Fig. 1 (Lagnado et al. 1988) . Presumably the exchange in cones has a similar characteristic. However, the membrane potentials in bright light differ little in the two kinds of receptors, probably by no more than a few millivolts (see, for example, Attwell, Werblin & Wilson, 1982; Baylor & Nunn, 1986) . Over this small voltage range the saturated exchange current should vary by less than 10 %; so membrane voltage is unlikely to matter much in the above comparison.
Thus, despite the much larger surface area of the cone outer segment, it has a total number of exchange sites (as reflected by the saturated exchange current amplitude) that is comparable to that in the rod outer segment.
Exchange stoichiometry
The stoichiometry of the exchange can be estimated by trapping a known amount of Ca2+ in the outer segment and then measuring the net charge transfer through the exchange when this Ca2+ is extruded. The amount of Ca21 trapped in the outer segment during the loading period can be measured by integrating over time the Ca2+ current through the light-sensitive conductance. In the actual experiment (Fig. 5) , instead of integrating the Ca2+ current from time zero (i.e. the beginning of solution change) and comparing this charge influx to the net charge transfer through the exchange, a comparison based on incremental loading was used (see Yau & Nakatani, 1985 a; Nakatani & Yau, 1988 a) . The procedure consisted of first effecting a small Ca2+ load by stopping the dark Ca2+ influx with light soon after solution change (trace a), and then repeating the same protocol but this time suppressing the Ca2+ current after a longer delay (trace b). The incremental Ca2+ influx is then given by the area labelled AQ8, while the incremental charge transfer through the exchange is given by AQxch. This incremental method removed errors due to two uncertainties, the first being an unknown amount of Ca2+ extruded during the short but finite period of time (ca 200 ms) required for the complete removal of external Na+, and the second being any exchangeable Ca2+ already present in the cone outer segment before loading began. The stoichiometry n (that is, nNa+: lCa2+) is related to AQa and AQexch by AQa/AQexch = 2/(n-2) (see Yau & Nakatani, 1984b ). In the experiment of Fig. 5 , n was found to be 2-80. In a total of six experiments n ranged from 2X68 to 3-06, with a mean of 2-83 (±0-14, S.D.). We think the true value for n is likely to be 3 0, but our Ca2+ trapping method is imperfect. For instance, any loss of the trapped Ca2+ through leakage into the inner segment would give a lower n value. To minimize this possibility, we as a rule activated the exchange within a second after the Ca2+ load. In rods, a value of almost exactly 3 0 is obtained when the experiment is performed on an isolated outer segment, in which case the Ca2+ trapped in the outer segment cannot exit via the inner segment (Lagnado et al. 1988) . In intact rods, the n value obtained ranged from 2-9 (Yau & Nakatani, 1984b) to 2-7 ).
Rate of decline of exchange current
In rods, the final decline of the exchange current is roughly exponential with time, with a time constant of ca 0 5 s (Yau & Nakatani, 1985 Fig. 1) . A clue to the nature of this hump is that it was also observed when a large dark current was suppressed by light, suggesting that it might be caused by membrane hyperpolarization of the cell (see, for example, Figs 2B, 4 and 5). In rods, a similar hump was sometimes observed at the initial plateau of the light response, and was shown to be a capacitative current resulting from the activation of a Cs+-blockable conductance at the inner segment during membrane hyperpolarization (see Fig. 1 of Nakatani & Yau, 1988a; also Fain, Quandt, Bastian & Gerschenfeld, 1978) . Since there is also evidence for such a conductance in cones (Attwell et al. 1982) , we tested the susceptibility of the hump to Cs'. Indeed, the hump disappeared when 1 mM-Cs+ was present in the pipette solution, leaving a final decline of the exchange current that was roughly exponential with time (Fig. 6A) . In this experiment the decline time constant was about 95 ms. Fig. 6 . Study of the decline phase of the Na'-Ca2+ exchange current. A, same protocol as in Fig. 1 generally deelined after prolonged exposure to 1 mM-Cs'. For example, the cell in Fig. 6A had a dark current of only about 10 pA by the time the experiment was performed. There is a simpler way to get around the capacitative current problem, namely, to restrict to small Ca2l loads so that the inward exchange current produced afterwards is also small. In this way one minimizes the change in membrane potential Fig. 7 . Comparison between the rates of decline of the Na-Caa2+ exchange current in cones and rods. A, three different cones. In each case a small Ca2+ load was effected in darkness so that the resulting exchange current was very small (see Fig. 6B ). The loading solutions in all three cases contained Li' instead of choline as the substitute ion for Na+, though this is irrelevant for our purposes here. Also, the solution contained 10 /iM-IBMX photons /tm-2 s-' (620 nm) in A and 2-1 x 103 photons 4um-2 s-1 (520 nm) in B.
resulting from the stoppage of the exchange current, and hence the change in the degree of activation of the Cs+-sensitive conductance. A small Ca2+ load can be effected by reducing the loading period and/or by reducing or eliminating IBMX in the loading solution. In Fig. 6B Fig. 7B shows an identical experiment on a salamander rod; the decline time constant in this case was about 400 ms, in agreement with previous work (see above). The averaged decline time constant from a total of nine rod experiments to wonder whether the faster Ca2+ decline in cones might explain at least partially the much lower sensitivity of cones to light (see .
We have studied this question by examining the absolute flash sensitivity of a cone in the presence and absence of the Na+-dependent Ca2+ efflux, the rationale being that in the absence of the Ca2' efflux there will be no decrease in internal free Ca2+ in the light, and hence no negative feed-back. To remove the Ca2+ efflux we simply substituted external Na+ with a cation such as guanidinium, which cannot drive the exchange. in the absence of external Na+. For proper comparison with the situation in which Na+ was present, a control experiment was performed in which the same concentration of IBMX was added to normal Ringer solution and the flash sensitivity tested at the same timing (panel B). In panel C the flash responses of the cell under the two conditions are compared by plotting their amplitudes as fractions of saturation (i.e. normalized according to the instantaneous dark current). It can be seen that in the absence of external Na+ the cell was about four times as sensitive as in control conditions, and the time-to-peak of the flash response was delayed by a 542 K. NAKA TANI AND K. -W. YA U factor of 2-3. These changes are rather similar to those previously observed in rods under conditions where a light-induced decrease in internal free Ca2" was slowed by buffering with BAPTA or EGTA (Torre et al. 1986 ). In Fig. 8C we have also plotted the flash response of the cell in normal Ringer solution without IBMX (dashed trace). The main effect of IBMX was a reduction in the rising phase of the response, an observation consistent with the inhibitory action of the drug on the cyclic GMP phosphodiesterase. Table 1A shows the collected results from eight experiments, with the increase in flash sensitivity in the ONa+ solution ranging from two-to tenfold (mean+ S.D. = 5-9+2 6).
In the above experiment, with Ca2`still entering the outer segment in darkness but failing to be extruded in the ONa+ solution, the internal free Ca2+ concentration would increase progressively. Such an expected rise in internal free Ca2+ was also suggested by the progressive decline of the dark current in the ONa+ solution. To SODIUM-DEPENDENT CALCIUM EXTR UtSION IN C.ONES avoid internal Ca2+ accumulation, we have repeated the above experiment without external Ca2+ in the ONa+ solution in order to remove the Ca2" influx. In this case, it was also unnecessary to use IBMX to keep the light-sensitive conductance open. Figure 9 shows the results of one such experiment. In panel A, trace a indicates the behaviour of the dark current upon switching to the ONa+@-Ca2+ solution, and trace b indicates the effect of a dim flash delivered at time zero. It can be seen that the strategy worked fairly well in that the dark current increased slightly upon solution change and thereafter stayed fairly constant. The bottom trace in A shows the difference between traces a and b, which represents the flash response of the cell in the test solution. In panel B the light responses in the presence and the absence of external Na+ are again scaled and compared, and they reveal the same relation to each other as in the previous experiment. In this experiment the increase in sensitivity in the ONa+ solution was about 3-fold, and the increase in the time-tospeak was about 2-fold. Table lB shows collected results from thirteen cones for this kind of experiment, with an increase in sensitivity ranging from 3-to 5-fold (mean +S.D. = 3-7 + 1±0).
As a control for the validity of the experimental strategies adopted above, we have performed identical experiments on salamander rods (Figs 10 an(d 11). The results were similar to those obtained by Torre et al. (1986) using an intracellular Ca2+ buffer. showing a severalfold increase in the light sensitivity of rod cells in the absence of a Ca2+ efflux.
The overall conclusion is therefore that in the absence of any Ca2+ efflux the absolute sensitivity of both rods and cones increases by approximately the same degree.
DISCUSSION
Comparison between calcium effluxes in rods and cones As far as we can tell the same Na+-Ca2+ exchange mechanism is present in rods and cones. The only difference seems to be in the density of exchange sites. The salamander cones in our experiments were on average 4 ,um in diameter (mean of tip and base diameters) and 10 jtm in length. The surface area of each membranous disc (two sides) in the outer segment is therefore 27T(2)2 ,Um2, or 25 #um2. Since in cones the discs are continuous with the surface membrane (Fig. 12) , with a packing density of ca 30 discs/,am of the outer segment length (see, for example, Brown, Gibbons & Wald, 1963) , the total surface membrane area of the cone outer segment should be about 7500 ,um2. As for the salamander rods, their outer segments have on average a diameter of 10 l m (mean of tip and base diameters) and a length of 24,am. The surface membrane area of the rod outer segment is therefore about 2n7(5)24 Jtm2, or 750 jIm2. In other words, the surface membrane area of the outer segment is about ten times higher in a cone than in a rod. Yet the total number of exchange sites seem to be comparable in both cases, as judged from the saturated amplitudes of exchange currents measured in the two kinds of receptors. Interestingly, the same seems to be true for the light-sensitive conductance, in that the channel density as evaluated by patch-clamp experiments is much lower in the cone membrane than in the rod membrane (L. W. Haynes & K.-W. Yau, in preparation 
where jexch is the maximum exchange current, K is the internal free Ca2+ concen- Sensitivity regulation by the calcium efflux
In cones, as in rods, the Na+-dependent Ca2+ efflux provides some regulation on the absolute sensitivity to light. In both cases this appears to involve a decline in intracellular free Ca2+ during illumination; this Ca2+ decline exerts a feed-back modulation on the light-induced cyclic GMP hydrolysis (see Introduction).
Even though the rate of decrease of internal free Ca2+ in cones as reflected by the exchange current is several times faster than in rods, the relative influence on absolute flash sensitivity seems similar in both cases. This may seem surprising, but the explanation is probably that the kinetics of phototransduction are also several times faster in cones than in rods. Thus, the time-to-peak of the dim-flash response of a cone is about three times shorter than for the corresponding rod response; this is not too different from the ratio of decline time constants of the exchange current in the two kinds of receptors, which is around four. Obviously a match in kinetics between the phototransduction cascade and the decline in Ca2+ concentration is necessary in order for the negative feed-back to function properly.
While the absolute sensitivities of both rods and cones (i.e. to dim flashes in the absence of background light) are regulated over only severalfold due to the Ca2+ feedback, the cumulative effect of the feed-back becomes much more prominent with progressively brighter light, especially during steady illumination. Indeed, the Ca21 feed-back explains most if not all of the adaptation to background light shown by these receptors Nakatani & Yau, 1988c) .
Possible mechanism underlying difference in absolute sensitivity between rods and cones The question remains of what mechanism underlies the large difference in absolute sensitivity to light between rods and cones. One suggestion by others (Raynauld & Gagne, 1987) is that whereas one photon can influence a region spanning many discs in the rod outer segment (Baylor et al. 1979b; Lamb et al. 1981) , the geometrical shape of the cone outer segment (see Fig. 12 ) restricts longitudinal diffusion and confines the influence of a photon to within one disc, effectively scaling down the absolute light sensitivity of cones. While interesting, this idea does not explain our finding that one absorbed photon influences much less than one full disc in salamander cones, as can be seen from Table 1 . From the table, the fractional response of a salamander cone to one photon is about 3 x 10-4. Since the average salamander cone has about 300 discs (see the first part of this Discussion), this fractional response corresponds to only about 1/10th of a disc. Apart from this argument, anatomical studies (see Cohen, 1987) have also indicated that cones in some animal species, such as mammals, have a significant fraction of their outer segment discs completely internalized. Thus, it appears that outer segment geometry is unlikely to be a key factor for the difference in absolute sensitivity between rods and cones. Earlier, we have pointed out that in regard to transduction cones also do not seem to take advantage of their much larger surface area resulting from the outer segment geometry, in that the numbers of Na+-Ca2+ exchange sites and cyclic GMPactivated channels are roughly the same as in rods. Since cones generally function in bright light and therefore require a rapid recycling of their pigment molecules, we speculate that their outer segment topography may simply serve to allow a rapid, direct access of the regenerated chromophore ( 11 -cis-retinal) from the cell exterior to the bleached pigment in the disc membrane.
The true mechanism underlying the sensitivity difference between rods and cones 18 PH 409 5K. VANKA TAXI AiD K.-W.I -A T is likely to reside in the light-activated biochemical cascade leading to cyclic GMP hydrolysis. Considering that cones show a much lower sensitivity as well as a briefer response to light, one simple mechanism would be that the active intermediates in the cone transduction cascade had uniformly reduced lifetimes compared to those in rods. Since the overall gain of the cascade depends on the lifetimes of these intermediates in a multiplicative manner, small concerted reductions in these lifetimes can produce a drastically lower sensitivity to light. Previous work has shown that the waveform of the rod electrical response to a dim flash is characterized by four delay stages (Penn & Hagins, 1972; Baylor et al. 1979a) . If these delays represent the decays of the active intermediates, it can be shown (see Fuortes & Hodgkin, 1964 , for an electrical analogue; also Baylor, Matthews & Yau, 1980; Matthews & Baylor, 1981) that the absolute sensitivity to light should vary as the third power of the time course of the light response. From Table 1 , salamander cones on average have an absolute sensitivity (normalized) of 3 0 x 10-4 per photoisomerization and a response time-to-peak of 0-15 s; the corresponding values for rods are 4-6 x 10-3 per photoisomerization and 0-43 s. These numbers give a power relation of about 2-6 between sensitivity and time-to-peak, somewhat less than 3 0 as expected from the above argument. This deviation can be explained, however, if the lifetimes of the active intermediates in cones do not all shorten by the same degree, as also suggested by the fact that the dim flash responses of salamander rods and cones generally do not superpose completely after scaling of the time axis (K. Nakatani & K.-W. Yau, unpublished observation) .
The above mechanism, while attractively simple, is merely a possibility at present. Even though correlations can indeed be found between the flash response waveform and the biochemical cascade underlying phototransduction, there is at this point little information on the in vivo active lifetimes of the biochemical intermediates (namely, rhodopsin, G-protein, cyclic GMP phosphodiesterase, etc.) to make these correlations quantitative.
